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1. INTRODUCTION {#glia23759-sec-0003}
===============

Neuropathological studies in patients with Alzheimer\'s disease (AD) and in animal models have revealed marked clustering of glial fibrillary acidic protein (GFAP)‐positive astrocytes around amyloid plaques, but the eventual function and activation of astrocytes in AD still remains not well understood (Avila‐Muñoz & Arias, [2014](#glia23759-bib-0002){ref-type="ref"}). Recently, it was shown that, in contrast to the accepted view that amyloid lesions generate chemotactic molecules that recruit astrocytes, the reactive astrocytosis associated with amyloid plaques does not appear to involve astrocytic migration (Galea et al., [2015](#glia23759-bib-0014){ref-type="ref"}). However, whether astrocytes proliferate or not in the AD brain is still a controversial topic (Liddelow & Barres, [2017](#glia23759-bib-0030){ref-type="ref"}).

A beneficial role in decreasing amyloid‐related pathology was postulated based on the ability of these cells to promote clearance and degradation of amyloid peptides by producing degrading proteases, including insulin degrading enzyme (IDE), neprilysin, and metalloproteases (Ries & Sastre, [2016](#glia23759-bib-0039){ref-type="ref"}; Yamamoto et al., [2014](#glia23759-bib-0047){ref-type="ref"}). In addition, astrocytes produce and secrete extracellular chaperones involved in amyloid clearance, such as Apolipoproteins E (ApoE) and J (Koistinaho et al., [2004](#glia23759-bib-0024){ref-type="ref"}). Most typically, astrocytes phagocytose amyloid peptides and throughout the brain of AD patients accumulate amyloid‐related material of neuronal origin (Nagele, D\'Andrea, Lee, Venkataraman, & Wang, [2003](#glia23759-bib-0033){ref-type="ref"}; Wyss‐Coray et al., [2003](#glia23759-bib-0046){ref-type="ref"}). Furthermore, astrocytes provide trophic support to neurons (Pellerin & Magistretti, [1994](#glia23759-bib-0038){ref-type="ref"}), are involved in neurotransmitter uptake and recycling (Rothstein et al., [1996](#glia23759-bib-0040){ref-type="ref"}), and interact directly with synapses (Osborn, Kamphuis, Wadman, & Hol, [2016](#glia23759-bib-0037){ref-type="ref"}), affecting synapse formation, function, and pruning (Allen & Lyons, [2018](#glia23759-bib-0001){ref-type="ref"}). In AD, astrocytes structurally form a protective barrier between amyloid deposits and neurons, thus helping to preserve neural tissue and restricting the negative effects of inflammation (Maragakis & Rothstein, [2006](#glia23759-bib-0031){ref-type="ref"}; Nicoll & Weller, [2003](#glia23759-bib-0034){ref-type="ref"}; Rossner, Lange‐Dohna, Zeitschel, & Perez‐Polo, [2005](#glia23759-bib-0041){ref-type="ref"}; Wyss‐Coray et al., [2003](#glia23759-bib-0046){ref-type="ref"}). However, under certain conditions related to acute or chronic stress, astrocytes become reactive and may be deleterious. In particular, astrocytes around amyloid plaques may contribute to prolonged neuroinflammation and to nitric oxide‐mediated neurotoxicity by expressing inducible‐nitric oxide synthase (iNOS) (Heneka et al., [2001](#glia23759-bib-0016){ref-type="ref"}). This heterogeneity of astrocyte phenotypes has recently led to their classification into A1 and A2 reactive states, although in reality, these states are not so polarized (Liddelow & Barres, [2017](#glia23759-bib-0030){ref-type="ref"}).

In vitro treatment of astrocytes with synthetic amyloid increased calcium ion‐wave signaling between these cells (Bezprozvanny, [2009](#glia23759-bib-0005){ref-type="ref"}) and this has also been demonstrated in vivo (Kuchibhotla, Lattarulo, Hyman, & Bacskai, [2009](#glia23759-bib-0026){ref-type="ref"}). Increased levels of calcium may potentially enhance the release of various transmitters, such as glutamate, D‐Serine, ATP, and Gamma aminobutyric acid (GABA), resulting, among others, in glutamate‐mediated excitotoxicity (Lee, McGeer, & McGeer, [2011](#glia23759-bib-0029){ref-type="ref"}).

Studies in animal models have reported conflicting data regarding the role of astrocytes in amyloid pathology. Deletion of the genes coding for intermediate filament proteins GFAP and vimentin, which are required for astrocyte activation, resulted in significantly higher amyloid plaque load and dystrophic neurites in APP/PS1 mice (Kraft et al., [2013](#glia23759-bib-0025){ref-type="ref"}), although a following study with the same mouse model did not find differences on cortical area covered by plaques nor the size distribution of the deposits (Kamphuis et al., [2015](#glia23759-bib-0022){ref-type="ref"}). In contrast, targeting astrocytes into the hippocampus by injection of adeno‐associated virus (AAV) vectors containing the astrocyte‐specific Gfa2 promoter in hippocampus reduced the amyloid pathology, synaptic dysfunction, and cognitive deficits at mid‐age by driving the expression of VIVIT, a peptide that interferes with the immune/inflammatory calcineurin/NFAT (nuclear factor of activated T cells) signaling pathway (Furman et al., [2012](#glia23759-bib-0013){ref-type="ref"}).

In light of the conflicting literature regarding the role and regulation of astrocytes in AD, we investigated changes in amyloid pathology, synaptic and neuronal density, and memory function in a mouse model of AD in which reactive proliferating astrocytes expressing GFAP are genetically ablated (Bush et al., [1999](#glia23759-bib-0006){ref-type="ref"}), without affecting mature GFAP‐expressing astrocytes. Our data demonstrate that astrocytes contribute fundamentally to amyloid clearance and play a crucial role in memory by affecting synaptic plasticity. Combined, our data reveal that astrocytes carry out important neuroprotective functions in an AD animal model.

2. MATERIALS AND METHODS {#glia23759-sec-0004}
========================

2.1. Mouse models and experimental design {#glia23759-sec-0005}
-----------------------------------------

APP23 (Novartis) mice were used, expressing human APP751 isoform carrying the Swedish double mutation (K670N‐M671L) under the control of the murine Thy1.2 expression cassette (Sturchler‐Pierrat et al., [1997](#glia23759-bib-0045){ref-type="ref"}). GFAP thymidine kinase (GFAP‐TK) (The Jackson Laboratory) mice express the herpes simplex virus thymidine kinase (HSV‐TK) targeted to astrocytes via the GFAP promoter (Bush et al., [1999](#glia23759-bib-0006){ref-type="ref"}). This enables selective pharmacological ablation of astrocytic proliferation. The antiviral drug ganciclovir (GCV) (Roche) is metabolized by the TK enzyme into toxic nucleoside analogues that result in the termination of DNA synthesis. All mice were of C57Bl/6 genetic background. Mice were kept in individually ventilated cages and maintained on a 12/12 hr light/dark cycle with controlled temperature and humidity, and food and water ad libitum. All in vivo testing was performed in accordance to the United Kingdom Animal (Scientific Procedures) Act (1986) and approved by Imperial College London\'s Animal Welfare and Ethical Review Body.

APP23 female mice were bred with GFAP‐TK mice to obtain APP23/GFAP‐TK double transgenic (dTg) mice (*n* = 14). At 9 months of age, dTg mice were infused into the right lateral ventricle with GCV (dTg + GCV; *n* = 8) or saline (dTg + VEH; *n* = 6) for 2 weeks using an osmotic minipump (Alzet) at a rate of 11 μg.μl^−1^.hr^−1^. Single transgenic APP23 (APP + GCV; *n* = 10) and GFAP‐TK (GFAP + GCV; *n* = 9) mice were also infused with GCV to control for the effect of the drug alone (see schematic of treatment in Figure [1](#glia23759-fig-0001){ref-type="fig"}a).

![Reduction in proliferating astrocytes in dTg (APP23/GFAP‐TK) mice treated with ganciclovir (GCV). (a) Schematic of the treatment. dTg mice were treated either with GCV or vehicle for 2 weeks at 9 months of age. (b) Representative images and quantification of GFAP staining in dTg mice in cortex and hippocampus; images were acquired using a 10× objective. (c) Representative images of a reduction in plaque‐associated astrocytes using triple staining for Thio‐S (green), GFAP (magenta), and Iba‐1 (red), and quantification of area of plaque associated astrocytes (GFAP) (*n* = 3--4) and microglia (Iba‐1) (*n* = 3--7) in cortex; images were acquired using a 10× objective. (d) Double staining of GFAP (red) and Ki67 (green) in the hippocampus of dTg mice treated with vehicle or GCV and quantification of the double labeled GFAP and Ki67 positive cells in cortex and hippocampus (*n* = 3); images were acquired using a 63× objective and the scale bar is 10 μm. Values shown in graphs represent the mean value ± *SEM*. Statistical analysis included one‐way ANOVA with Tukey\'s multiple‐comparison post‐test. \**p* \< .05; \*\**p* \< .01. ANOVA, analysis of variance; GFAP, glial fibrillary acidic protein; Thio‐S, Thioflavin‐S \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g001){#glia23759-fig-0001}

We chose 9 months old APP23 mice as preliminary results testing animals at 6 and 15 months of age infused subcutaneously with GCV showed too low or high astrogliosis respectively, to be able to detect changes in the levels of proliferating astrocytes by the treatment (Figures [S1](#glia23759-supitem-0002){ref-type="supplementary-material"} and [S2](#glia23759-supitem-0003){ref-type="supplementary-material"}). In addition, at 6 months of age the animals did not display amyloid plaques ([Figure S1b](#glia23759-supitem-0002){ref-type="supplementary-material"}) or memory loss. At 15 months of age, there were no differences in Aβ staining in between dTg + Veh and dTg + GCV animals ([Figure S2](#glia23759-supitem-0001){ref-type="supplementary-material"}), probably because the Aβ deposition at this age was massive and the loss of proliferating astrocytes might be low compared with the considerable density of resident mature astrocytes. All these observations justified the choice of 9 months old mice for the actual treatment group, when amyloid deposition and astrocyte density are detectable but not massive, animals display some amyloid plaques and start experiencing memory loss. We also tested 3--4 weeks intra‐ventricular infusion of GCV, but due to high mortality and severe side effects, we decided to restrict the treatment to only 2 weeks.

On day 14--15 post‐surgery, hippocampal‐dependent memory was assessed using the object location task (OLT) and Y maze. Upon completion of the behavioral tests, mice were anaesthetized and transcardially perfused with ice‐cold phosphate buffered saline (PBS; 0.1 M, pH 7.4). Brains were rapidly removed and the right hemisphere was immersion fixed in 4% paraformaldehyde in PBS for 48 hr, cryoprotected in 20% sucrose in PBS, and stored at 4°C for further immunohistochemical analysis. The left hemisphere was subdissected, snap‐frozen in liquid nitrogen, and stored at −80°C until protein or RNA isolation.

2.2. Behavioral tests {#glia23759-sec-0006}
---------------------

All behavioral testing took place in a dimly lit room without noise interference. All tests were recorded using Ethovision XT software (Noldus). An experimenter blind to the treatment groups performed double‐blinded scoring of all recordings from video recordings to ensure no experimental bias.

### 2.2.1. Object location task {#glia23759-sec-0007}

Hippocampal‐dependent spatial memory was tested using the OLT, as previously reported (Katsouri et al., [2015](#glia23759-bib-0023){ref-type="ref"}). Mice were placed in a circular arena (diameter: 45 cm), with intramazal cues on the walls and sawdust on the floor, and allowed to freely explore for 5 min to enable habituation. Following an interval of 15--30 min, mice were returned to the arena where two identical objects made from large Lego bricks had been placed equidistant from the walls and allowed to explore for 10 min (training). Mice were then returned to their home cage and 24 hr later one of the objects was moved to a novel position within the arena. Mice were placed in the arena and allowed to explore for 5 min (testing). The total time spent actively exploring each object (sniffing or chewing) was recorded and the time spent exploring each object was calculated as a percentage of total exploration of both objects.

### 2.2.2. Y maze {#glia23759-sec-0008}

Spatial working memory was tested using the Y maze spontaneous alternation task. While this task is reliant on the hippocampus, other brain regions, such as the striatum, basal forebrain, and prefrontal cortex, are also involved in this task (Lalonde, Dumont, Staufenbiel, Sturchler‐Pierrat, & Strazielle, [2002](#glia23759-bib-0028){ref-type="ref"}). Mice were placed into a single arm of the Y maze (arm length: 55 cm) and allowed to explore freely for 8 min. Extra‐maze cues were present around the Y maze. The arm in which each mouse was first placed was randomized. The total number of errors were calculated by counting the number of alternate arm returns (AARs; e.g., moving from arm A to arm B then back to arm A)---2, divided by the total number of arm entries. An arm entry was counted when the mice had all four paws inside the arm.

2.3. Total protein extraction {#glia23759-sec-0009}
-----------------------------

Brain homogenates were extracted with radioimmunoprecipitation assay buffer (1% Triton X‐100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM NaCl, and 50 mM Tris--HCl, pH 7.2) supplemented with Complete Protease and PhosSTOP Phosphatase inhibitor cocktails (Roche). Samples were centrifuged at 13,000 RPM for 15 min at 4°C, supernatants were collected and stored at −80°C until further analysis.

2.4. Subcellular fractionation {#glia23759-sec-0010}
------------------------------

Cortices were homogenized in PBS using a Dounce homogenizer, centrifuged for 45 min at 12000 RPM at 4°C and the supernatant containing water‐soluble proteins of the cytoplasm and interstitial fluid (PBS fraction) was stored at −80°C. The pellet was resuspended in lysis buffer (PBS/Triton X‐100 supplemented with protease and phosphatase inhibitors) and incubated for 20 min prior centrifugation for 10 min at 9000 RPM at 4°C. The supernatant containing all membrane‐associated proteins (lysis fraction) was stored at −80°C. The remaining pellet was resuspended in Guanidine‐HCl (5 M, pH 8) overnight at 4°C under constant agitation. Following centrifugation for 10 min at 9000 RPM, the supernatant containing all plaque‐associated proteins (guanidine fraction) was stored at −80°C.

2.5. Western blotting {#glia23759-sec-0011}
---------------------

Similar amounts of protein extracts of cortex and hippocampus were run in 4--12% NuPAGE gels (Invitrogen) followed by transfer to nitrocellulose or PVDF membranes (Katsouri et al., [2015](#glia23759-bib-0023){ref-type="ref"}). For Aβ, amyloid precursor protein (APP) and carboxyl‐terminus fragments (CTFs) protein extracts in Figures [S1](#glia23759-supitem-0002){ref-type="supplementary-material"} and [S4](#glia23759-supitem-0003){ref-type="supplementary-material"} were immunoprecipitated with 4G8 antibody (Covance). Membranes were incubated with primary antibodies against Aβ (clone 6E10, Covance), postsynaptic density protein 95, PSD‐95 (Abcam), synaptophysin (Millipore) and (Low density lipoprotein receptor‐related protein 1) LRP‐1 (kind gift from Professor Claus Pietrzik, University Mainz), IDE (Abcam) and ApoE (Santa Cruz) were used at a 1:1000 dilution, Neprilysin and glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) (Santa Cruz) at a 1:500 dilution, and β‐actin (Abcam) at a 1:10,000 dilution. Sample loading was normalized to GAPDH or β‐actin.

2.6. Enzyme‐linked immunosorbent assays {#glia23759-sec-0012}
---------------------------------------

The levels of human Aβ42 were determined in frontal cortex homogenates using the High Sensitivity Human Amyloid β42 enzyme‐linked immunosorbent assays (ELISA) kit from Millipore. For the mouse cytokines (Interleukin 1‐β \[IL‐1β\], tumor necrosis factor‐α \[TNFα\], and monocyte chemoattractant protein 1 \[MCP1\]) determination in cortex and hippocampus, we used kits from Peprotech. Concentrations were quantified according to the manufacturer\'s instructions and normalized to total protein concentration (measured by the Bradford assay).

2.7. RNA extraction, reverse transcription, and qPCR {#glia23759-sec-0013}
----------------------------------------------------

Tissues were lysed and homogenized in TRIzol reagent (Ambion) and total RNA was isolated using the RNeasy mini kit (Qiagen). First‐strand cDNA was generated using QuantiTect Reverse Transcription kit (Qiagen) for custom‐made primers. qPCR was performed using Quantifast SYBR green in a 7900HT real‐time PCR system (Applied Biosystems). mRNA quantities were normalized to GAPDH (see primers in Table [1](#glia23759-tbl-0001){ref-type="table"}). In addition, RT2‐Profiler PCR array (Qiagen) was carried out in hippocampal mRNA extracts from a dTg mouse treated with GCV compared with a dTg treated with vehicle in order to analyze the expression of a focused panel of genes related to synaptic plasticity.

###### 

Primer sequences used in this study

  Genes       Forward 5'‐3'              Reverse 5'‐3'
  ----------- -------------------------- ------------------------
  *ApoE*      GGGACAGGGGGAGTCCTATAA      ATTGGCCAGTCAGCTCCTTC
  *Bdnf*      TCATACTTCGGTTGCATGAAGG     AGACCTCTCGAACCTGCCC
  *Ide*       CAGAAGGACCTCAAGAATGGGT     GCCTCGTGGTCTCTCTTTATCT
  *Gdnf*      GCCACCATTAAAAGACTGAAAAGG   GCCTGCCGATTCCTCTCTCT
  *Il‐1β*     TGCCACCTTTTGACAGTGATG      AAGGTCCACGGGAAAGACAC
  *iNOS*      TGGTGAAGGGACTGAGCTGT       CTGAGAACAGCACAAGGGGT
  *Β‐actin*   CCACCATGTACCCAGGCATT       AGGGTGTAAAACGCAGCTCA
  *TNFα*      GGCCTCCCTCTCATCAGTTC       CATCCCATGCCTAACTGCCC
  *Ngf*       CCAGTGAAATTAGGCTCCCTG      CCTTGGCAAAACCTTTATTGGG
  *Gapdh*     ACCACAGTCCATGCCATCAC       TCCACCACCCTGTTGCTGTA

Abbreviations: ApoE, Apolipoproteins E; BDNF, Brain‐derived neurotrophic factor; GDNF, Glial cell‐derived neurotrophic factor; IDE, insulin degrading enzyme; iNOS, inducible‐nitric oxide synthase; TNFα, tumor necrosis factor‐α.

2.8. Immunohistochemistry and immunofluorescence {#glia23759-sec-0014}
------------------------------------------------

Brain serial sagittal sections (40 μm) were collected with a vibratome (Leica TV‐1000S) and kept in Tris‐buffered saline (TBS) pH 8.0 with 0.05% sodium azide. For Aβ staining, additional antigen retrieval was performed with 98% formic acid for 5 min. Sections were treated for 20 min with 0.6% H2O2 in TBS, permeabilized in TBS‐Triton X‐100 0.25% (TBS‐Tx) for 30 min, and blocked for 1 hr with 10% normal horse serum (NHS) in TBS‐Tx 0.1%. Sections were incubated with primary antibodies overnight at 4°C, including anti‐Aβ antibodies MOAB‐2 (6C3) (Millipore) and Aβ\[N\](IBL, Germany) at 1:1000; anti‐NeuN (Millipore) at 1:500; and anti‐GFAP (Invitrogen) at 1:500; anti‐Iba1 (Wako) at 1:500;anti‐Ki67 (Vector labs) at 1:50; synaptophysin (Santa Cruz) at 1:200 in 2% NHS in TBS‐Tx 0.02%. The following day, sections were incubated with appropriate secondary antibodies (1:400; Vector), followed by enhancement with avidin‐biotin complex (ABC; Vector) and 3,3′‐diaminobenzidine (DAB; Sigma). Images were acquired with a Leica DM2500 microscope connected to a camera (Q‐Imaging Micropublisher 3.3 RTV) using the Q‐capture Pro software. For immunofluorescence, fluorescent secondary antibodies (1:400 Alexa Fluor, Invitrogen) were used. To visualize amyloid plaques, sections were incubated with 1% Thioflavin‐S (Thio‐S). Imaging was performed with a Zeiss LSM 780 inverted confocal microscope using ZEN software.

2.9. Quantification of immunohistochemistry {#glia23759-sec-0015}
-------------------------------------------

GFAP and Aβ staining was quantified using ImageJ software as previously described (Katsouri et al., [2015](#glia23759-bib-0023){ref-type="ref"}). Briefly, the images were converted to 16‐bit gray scale images, thresholded within a linear range, and the percentage of the area covered by Aβ staining was calculated in the cortex and hippocampus (6--8 sections per animal, *n* = 6--9).

To quantify the GFAP‐ and Iba1‐cells around amyloid plaques, a circular 150 μm diameter Region of interest (ROI) was placed centered on the plaque. Within this ROI, the % coverage of ThioS staining was calculated to determine plaque size. Within the same ROI, the percentage coverage of Iba1 staining and GFAP staining were calculated. The values obtained for Iba1 (% coverage of ROI) and GFAP (%coverage of ROI) were divided by the ThioS (% coverage of the same ROI), in order to normalize the Iba1 and GFAP values to the size of the plaque (indicated by % coverage of ROI by ThioS staining). Quantification was performed around plaques in four sections per mouse (*n* = 6).

To quantify proliferating astrocytes, the number of Ki67‐positive cells within clearly labeled GFAP‐positive cells was calculated as a total of all Ki67‐positive cells in the cortex and hippocampus.

Synaptophysin staining was quantified using ImageJ software. The images were converted to 16‐bit gray scale images, thresholded within a linear range, and the percentage area coverage by the synaptophysin staining was calculated in the CA1 and CA3 (four to six sections per animal, *n* = 2--4).

For neuronal cell quantifications we measured the number of positive cells in three random squares 150 μm × 150 μm for subiculum, and 100 μm × 100 μm for CA3 and the area occupied by the dentate gyrus as previously described (Katsouri et al., [2015](#glia23759-bib-0023){ref-type="ref"}).

2.10. Statistical analysis {#glia23759-sec-0016}
--------------------------

All data were checked for normal distribution using the Kolmogorov--Smirnov normality test, the Levene median test to ensure that variances are equal, and the Mauchly test of sphericity before performing the appropriate statistical analysis. The data were analyzed with GraphPad Prism v6 and SPSS v20 (IBM) using two‐tailed Student\'s *t*‐test or Mann--Whitney test, one or two‐way analysis of variance (ANOVA) followed by either Tukey\'s or Holm‐Sidaks post hoc analysis. Power analysis was performed using GPower 3.0. All data in bar charts show means ± *SEM*. Differences were considered significant for *p* \< .05.

3. RESULTS {#glia23759-sec-0017}
==========

3.1. Effective ablation of proliferating astrocytes in APP23 mice crossed with GFAP‐TK mice {#glia23759-sec-0018}
-------------------------------------------------------------------------------------------

To unveil the potential mechanisms by which reactive proliferating astrocytes may contribute to AD‐related amyloid pathology and cognitive performance we investigated the role of proliferating astrocytes by ablating them in the APP23 mouse model of AD. We concentrated on 9 months old mice, when these animals show the first neuropathological changes of the disease and based on our pilot data (Figures [S1](#glia23759-supitem-0002){ref-type="supplementary-material"} and [S2](#glia23759-supitem-0003){ref-type="supplementary-material"}). We crossed APP23 mice with a mouse strain that expresses HSV‐TK under the control of the GFAP promoter (GFAP‐TK) (Figure [1](#glia23759-fig-0001){ref-type="fig"}a). The resulting double transgenic mice were infused with ganciclovir (dTg + GCV) or vehicle (dTg + VEH) into the right lateral ventricle for two weeks (Figure [1](#glia23759-fig-0001){ref-type="fig"}a). Immunohistochemistry using GFAP as a marker of astrocytes revealed the loss of proliferating astrocytes mainly in the cortex and hippocampus of dTg + GCV compared to dTg + VEH (*p* \< .05, Figures [1](#glia23759-fig-0001){ref-type="fig"}b and [S3b](#glia23759-supitem-0004){ref-type="supplementary-material"}), although the differences were not significant by Western blotting analysis (Figure [S3a](#glia23759-supitem-0004){ref-type="supplementary-material"}), probably because this technique detects total GFAP expression for all astrocytes, both resident mature and proliferative. In particular, we observed a significant decrease in the area covered by GFAP positive cells surrounding amyloid plaques in dTg + GCV mice compared to control dTg animals infused with saline (*p* = .0379) (dTg + VEH) (Figure [1](#glia23759-fig-0001){ref-type="fig"}c). Interestingly, the area of activated microglia surrounding the plaques measured by Iba‐1 immunostaining showed no significant differences among groups (Figure [1](#glia23759-fig-0001){ref-type="fig"}c). Co‐staining for GFAP and the cell proliferation marker Ki67 confirmed the significant 80% reduction in proliferating astrocytes of dTg + GCV mice in cortex (F\[2, 6\] = 21.64, *p* = .0018) and hippocampus (F\[2,6\] = 6.737, *p* = .029) compared to control mice (Figure [1](#glia23759-fig-0001){ref-type="fig"}d), corroborating the efficacy of the treatment with GCV on proliferating astrocytes.

3.2. Loss of proliferating astrocytes leads to significantly increased levels of amyloid‐β {#glia23759-sec-0019}
------------------------------------------------------------------------------------------

We next investigated whether ablation of proliferating reactive astrocytes affected amyloid pathology by immunohistochemistry, with monoclonal antibody 6C3. Quantification of the area covered revealed an increase in amyloid staining in the hippocampus of dTg mice treated with GCV compared to control dTg mice treated with vehicle, and to parental single transgenic APP23 mice treated with GCV (F \[2, 19\] = 5.632, *p* = .012) (Figure [2](#glia23759-fig-0002){ref-type="fig"}a--c). These results were confirmed by Western blotting with antibody 6E10 (F \[2, 8\] = 7.361, *p* = .015) and by ELISA for Aβ~1‐42~ (F \[2, 8\] = 8.422, *p* = .011) in cortical brain homogenates (Figure [2](#glia23759-fig-0002){ref-type="fig"}d--f); however, these differences were not significant in hippocampus (Figure [2](#glia23759-fig-0002){ref-type="fig"}h--j), probably because there were smaller changes in plaque associated astrocytes and GFAPKi67 positive cells in the hippocampus with the GCV treatment (Figures [1](#glia23759-fig-0001){ref-type="fig"}d and [S3c](#glia23759-supitem-0004){ref-type="supplementary-material"}). Similar effects were detected at 6 months of age (Figure S1c,d), but not at 15 months of age, when the density of astrocytes and amyloid deposition was considerable ([Figure S2](#glia23759-supitem-0003){ref-type="supplementary-material"}). Remarkably, we did not observe significant changes in amyloid plaque burden measured by Thio‐S staining in the different groups (Figure [2](#glia23759-fig-0002){ref-type="fig"}a) neither on the size of the amyloid plaque ([Figure S4b,c](#glia23759-supitem-0005){ref-type="supplementary-material"}) nor in the levels of aggregated amyloid extracted upon incubation with a denaturant, guanidine hydrochloride (Figure [S4a](#glia23759-supitem-0005){ref-type="supplementary-material"}). Furthermore, differences in Aβ were detected at stages prior to amyloid plaque formation (Figure S1c,d), indicating that proliferating astrocyte loss particularly affected non‐aggregated forms of Aβ. Analysis of amyloid peptide levels did not reveal any significant differences between double transgenic mice treated with vehicle and single transgenic APP23 mice treated with GCV on any of the parameters studied, as expected, indicating that the changes were not due to an effect of the GCV by itself.

![Ablation of proliferating astrocytes leads to increased Aβ pathology in cortex. (a) Representative images of Thio‐S staining (top) and 6C3 staining (bottom) in cortex and hippocampus of APP23 mice treated with ganciclovir (GCV) and dTg treated with vehicle or GCV; images were acquired using a 10× objective. (b) Magnification of cortex and hippocampal images of Thio‐S (left) and 6C3 (right) stainings. (c) Quantification of Thio‐S and 6C3 staining in cortex and hippocampus (*n* = 6--9). (d) Representative Western blotting of APP, β‐CTFs, and Aβ with antibody 6E10 in cortex. (e) Quantification of Aβ by Western blot in cortex, normalized by total APP. (f) Quantification of Aβ1‐42 by ELISA in cortex. (g) Quantification of total APP and β‐CTFs in cortex (*n* = 3--4). (h) Representative Western blots in hippocampus show no significant changes in Aβ load (*n* = 6--11) (i) and Aβ~1‐42~ by ELISA (*n* = 4--7) (j) and no alterations in total APP and β‐CTFs (k) in dTg mice treated with GCV (*n* = 7--11). Values shown in graphs represent the mean value ± *SEM*. Statistical analysis included one‐way ANOVA with Tukey\'s multiple‐comparison post‐test. \**p* \< .05. ANOVA, analysis of variance; APP, amyloid precursor protein; ELISA, enzyme‐linked immunosorbent assays; Thio‐S, Thioflavin‐S \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g002){#glia23759-fig-0002}

To examine whether the increased amyloid peptides following reactive proliferating astrocyte ablation were due to altered amyloidogenic cleavage of APP, we evaluated the levels of total APP and the β‐carboxyl terminal fragments (β‐CTFs) in brain homogenates. Western blotting showed no differences in full length APP and β‐CTFs in cortex (Figures [2](#glia23759-fig-0002){ref-type="fig"}g,k and [S1d](#glia23759-supitem-0002){ref-type="supplementary-material"}), indicating that the loss of reactive astrocytes did not affect the generation of the amyloid peptides.

Because astrocytes express proteins involved in the clearance and degradation of the amyloid peptide, we quantified the expression of lipoprotein‐related mediators (ApoE and LRP1) as well as of degrading enzymes (neprilysin and IDE) in cortex (Figures [3](#glia23759-fig-0003){ref-type="fig"} and [S4d](#glia23759-supitem-0005){ref-type="supplementary-material"}). dTg mice treated with GCV showed a significant reduction in the levels of ApoE mRNA (F\[2,17\] = 7.51; *p* = .0046) and protein and of neprilysin protein (F\[2,20\] = 6.22, *p* = .008) compared with dTg + VEH and APP23 + GCV mice (Figure [3](#glia23759-fig-0003){ref-type="fig"}). These data imply that the lack of reactive proliferating astrocytes exerted a critical role in the clearance of amyloid peptides and thereby led to increased amyloid pathology.

![Depletion of proliferative astrocytes affects mechanisms of Aβ clearance. (a) Representative Western blot and quantification of ApoE protein and mRNA expression in the cortices of wild‐type GFAPTK, APP23, and dTg treated with vehicle or ganciclovir (GCV) (*n* = 4--8). (b) Representative Western blot and quantification of IDE protein and mRNA expression (*n* = 4--7). (c) Representative Western blot and quantification of neprilysin protein and mRNA expression in the cortices of APP23 and dTg treated with vehicle or GCV (*n* = 7--11). Values shown in graphs represent the mean value ± *SEM*. Statistical analysis included one‐way ANOVA with Tukey\'s multiple‐comparison post‐test. \**p* \< .05; \*\**p* \< .01. ANOVA, analysis of variance \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g003){#glia23759-fig-0003}

3.3. Ablation of reactive astrocytes affected synaptic and neuronal density in an AD model {#glia23759-sec-0020}
------------------------------------------------------------------------------------------

To investigate the eventual impact of the prevention of astrocytic proliferation on synaptic density and neurodegeneration, we measured the synaptic density by immunostaining for synaptophysin, a well‐known pre‐synaptic marker. Double transgenic mice treated with GCV at 9 months of age showed significant neuronal and synaptic loss in the hippocampus compared to wild‐type GFAP‐TK animals (Figure [4](#glia23759-fig-0004){ref-type="fig"}). The effect was exacerbated in particular in the CA3 area (Figure [4](#glia23759-fig-0004){ref-type="fig"}c). However, these changes were not detected by Western blotting of hippocampal homogenates (Figure [S5a,b](#glia23759-supitem-0006){ref-type="supplementary-material"}), suggesting that the effect was specific for a subset of neurons in the hippocampus. In addition, we observed a reduction in the number of CA3 pyramidal neurons measured by NeuN staining in dTg + GCV mice (Figure [4](#glia23759-fig-0004){ref-type="fig"}a,b).

![Ablation of reactive proliferating astrocytes alters neuronal and synaptic density in APP23 mice. (a) Representative images of NeuN immunoreactivity in hippocampus and cortex from GFAP‐TK, APP23, and dTg treated with vehicle or ganciclovir (GCV). (b) Quantitative analysis of NeuN immunostaining in different cortical and hippocampal areas, *n* = 6--8. (c) Representative images of synaptophysin staining in the hippocampus of wild‐type GFAP‐TK, APP23, and dTg treated with vehicle or GCV and quantification of percentage area coverage of synaptophysin in the CA3 area of the hippocampus (*n* = 3--4). Images were acquired using a 10× objective values shown in graphs represent the mean value ± *SEM*. Statistical analysis included one‐way or two‐way ANOVA with Tukey\'s multiple‐comparison post‐test. \**p* \< .05. ANOVA, analysis of variance; GFAP, glial fibrillary acidic protein \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g004){#glia23759-fig-0004}

After establishing defects in the hippocampal neurons, we carried out mRNA array analysis of gene expression in pathways involved in synaptic plasticity, comparing mRNA extracted from dTg mice treated with vehicle or with GCV (Figure [5](#glia23759-fig-0005){ref-type="fig"}a). We observed an up‐regulation of genes coding for pro‐inflammatory mediators including TNFα, NFκB, nitric oxide synthase‐1 (Nos1) as well as for genes coding for proteins implicated in regulation of proteases, such as tumor inhibitor of metalloproteinase1 (Tipm1), the natural inhibitor of the matrix metalloproteinases in the dTg + GCV mice compared with the dTg + VEH (Figure [5](#glia23759-fig-0005){ref-type="fig"}a). In agreement with this, the measured levels of pro‐inflammatory cytokines Il‐1β and TNFα were significantly increased in dTG + GCV mice (Figure [5](#glia23759-fig-0005){ref-type="fig"}b--d). In contrast, other inflammatory mediators were reduced, including the monocyte chemoattractant protein‐1 (MCP‐1/CCL2) in dTG + GCV mice compared with other control groups (Figure [5](#glia23759-fig-0005){ref-type="fig"}b--d), as expected because these molecules are expressed by astrocytes. Various other genes that were down‐regulated according to the mRNA array included neurotrophic signaling factors (Ngfr) and genes for proteins involved in neurotransmission such as GABA‐A receptor‐α5 (Gabra5) and Calcineurin (Ppp3ca) as well as molecules implicated in the regulation of the fusion of synaptic vesicles (Rab3a) (Figure [5](#glia23759-fig-0005){ref-type="fig"}a). We confirmed the RNA array results by qPCR for several of these and other markers, however, could not find major changes in mRNA levels of growth factors, Brain‐derived neurotrophic factor (BDNF), Glial cell‐derived neurotrophic factor (GDNF), and Nerve Growth factor (NGF) in dTg + GCV compared with dTg + VEH mice (Figure [S5c](#glia23759-supitem-0006){ref-type="supplementary-material"}).

![Effect of depletion of reactive astrocytes on the expression of genes involved in synaptic plasticity and neuroinflammation in hippocampus and cortex. (a) mRNA array for gene expression analysis of pathways involved in synaptic plasticity in hippocampus, comparing dTg treated with vehicle or ganciclovir (GCV). (b) Quantification of protein expression for TNF‐α, IL‐1β, and MCP‐1 in the cortex by ELISA (*n* = 4--6). (c) Quantification of protein expression for TNF‐α, IL‐1β, and MCP‐1 by ELISA in the hippocampus of wildtype GFAP‐TK, APP23, and dTg treated with vehicle or GCV (*n* = 4--6). (d) Quantification of mRNA expression for Tnf‐α, IL‐1β, and inducible‐nitric oxide synthase (iNos) by qPCR in cortex (*n* = 4--8). Values shown in graphs represent the mean value ± *SEM*. Statistical analysis included one‐way or two‐way ANOVA with Tukey\'s multiple comparison post‐test. \**p* \< .05; \*\**p* \< .01; \*\*\**p* \< .001; \*\*\*\**p* \< .0001. ANOVA, analysis of variance; ELISA, enzyme‐linked immunosorbent assays; GFAP, glial fibrillary acidic protein \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g005){#glia23759-fig-0005}

3.4. Depletion of proliferating astrocytes induces hippocampal‐dependent memory deficits in APP23 mice {#glia23759-sec-0021}
------------------------------------------------------------------------------------------------------

To assess whether changes in synaptic markers and neuroinflammation were associated with alterations in hippocampal‐dependent memory, mice were tested on the Y maze spatial working memory task and the object location spatial memory task (OLT). During the OLT training, no significant differences were observed in the behavior of the mice with different genotypes and treatments (Figure [6](#glia23759-fig-0006){ref-type="fig"}a). However, in the subsequent OLT test all the APP23 transgenics displayed spatial memory deficits compared with GFAP‐TK animals (F\[3,30\] = 6.948, *p* = .001, Figure [6](#glia23759-fig-0006){ref-type="fig"}b). The dTg mice were not able to discriminate between the displaced and the non‐displaced object; however, dTg + GCV mice showed the lowest percentage of exploration for the displaced object (Figure [6](#glia23759-fig-0006){ref-type="fig"}b). Interestingly, there was a negative correlation between the performance in the OLT and the hippocampal amyloid burden, measured by 6C3 staining in all APP transgenic mice analyzed (*r* = −0.47, *p* = .023, Figure [6](#glia23759-fig-0006){ref-type="fig"}c). Furthermore, dTg + GCV mice showed reduced levels of spontaneous alternation and made significantly more errors, as measured by AARs, on the Y maze test (F\[3,31\] = 3.19, *p* \< .05; Figure [6](#glia23759-fig-0006){ref-type="fig"}d). The lack of change between the controls was not due to the GCV treatment, since no differences between another cohort of 9 months old wild‐type mice and APP23 mice (both treated with vehicle) were neither detected in the Y maze test (Figure [S5d](#glia23759-supitem-0005){ref-type="supplementary-material"}). The combined data indicates that loss of reactive proliferating astrocytes leads to exacerbated pathology and memory deficits in APP23 mice.

![Ablation of proliferating astrocytes induces hippocampal‐dependent deficits in APP23 mice. (a) Quantification of percentage time of exploration by object location test (OLT) during training; A1 and A2 = identical objects in training session (*n* = 7--11). (b) Quantification of percentage time of exploration by OLT during testing; ND = non‐displaced and D = displaced object (*n* = 7--11). (c) Correlation between the performance in the OLT and the hippocampal amyloid burden measured by 6C3 staining in all APP transgenic mice analyzed (r = −0.47, *p* = 0.023, *n* = 23). (d) Percentage of alternate arm return (AAR) (*n* = 6--11). Values shown in graphs represent the mean value ± *SEM*. Statistical analysis included correlation analysis, repeated measures ANOVA, or one‐way ANOVA followed by Tukey\'s multiple‐comparison post‐test. \**p* \< .05; \*\**p* \< .01. ANOVA, analysis of variance; APP, amyloid precursor protein \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-68-1017-g006){#glia23759-fig-0006}

4. DISCUSSION {#glia23759-sec-0022}
=============

The role of glial cells in the progression of AD has always been of major, if not controversial, interest invigorated by the demonstration of glial activation by amyloid peptides and by the beneficial effect of anti‐inflammatory drugs as potential add‐on therapies for AD (Sastre, Klockgether, & Heneka, [2006](#glia23759-bib-0042){ref-type="ref"}). Contrary to previous reports regarding microglia, our findings indicate that reactive proliferating astrocytes can exert a neuroprotective effect in AD. This statement is supported by our current observations on the association of reduced proliferating astrocytes with increased amyloid pathology and synaptic loss and with reduced spatial memory in APP23 mice. A previous report by Kraft et al. ([2013](#glia23759-bib-0025){ref-type="ref"}) using mice deficient in the astrocyte‐specific proteins GFAP and vimentin crossed with APP/PS1 mice, showed increased amyloid levels and exacerbated neuritic dystrophy. In addition, and in line with our current study, no major changes in amyloid plaque load were detected in GFAP/vimentin null mice crossed with APP/PS1 mice compared with APP/PS1 control mice (Kamphuis et al., [2015](#glia23759-bib-0022){ref-type="ref"}). However, both publications studied the double GFAP/vimentin knockout mice and failed to account mechanistically for the exacerbation of AD pathology and did not measure the potential behavioral changes.

There is an ongoing debate on whether astrocytic proliferation occurs in the AD brain. Previous studies have found either no increase or a modest increase in astrocyte proliferation in animal models (Baglietto‐Vargas et al., [2017](#glia23759-bib-0003){ref-type="ref"}; Kamphuis, Orre, Kooijman, Dahmen, & Hol, [2012](#glia23759-bib-0021){ref-type="ref"}) and higher numbers of GFAP(+) astrocytes in AD patients compared with non‐demented controls, although both groups had similar numbers of total astrocytes double‐labeled with GFAP and glutamine synthase or Aldehyde Dehydrogenase 1 Family Member (L1ALDH1L1) (Serrano‐Pozo, Gómez‐Isla, Growdon, Frosch, & Hyman, [2013](#glia23759-bib-0043){ref-type="ref"}). These outcomes may depend on the animal model used, the age, the brain area as well as the particular type of astrocyte and the marker used to identify the astrocytes. Our present observations indicate that cortex and hippocampus of APP23 mice at 9 months of age showed certain co‐labeling of GFAP positive cells with Ki67, with hypertrophic morphology and mostly associated with the astrocytic scar surrounding the amyloid plaques, suggesting that their function accounts for relevant changes in amyloid deposition. In agreement with our data, ablation of proliferating astrocytes in a model of traumatic brain injury also affected the glial scar and led to neurodegeneration and increased neuroinflammation in the GFAP‐TK model (Myer, Gurkoff, Lee, Hovda, & Sofroniew, [2006](#glia23759-bib-0032){ref-type="ref"}).

Our results indicate that reactive astrocytes are involved in the clearance of amyloid peptides, in particular monomers and small oligomers rather than plaques, which we propose to be mediated by enzymes produced by astrocytes. The contribution of ApoE to amyloid peptide clearance was reported in young APP transgenic mice before the onset of Aβ deposition, showing that ApoE knockout may increase soluble Aβ levels (DeMattos et al., [2004](#glia23759-bib-0010){ref-type="ref"}; Fagan et al., [2002](#glia23759-bib-0012){ref-type="ref"}). ApoE is mainly produced by astrocytes and its expression was significantly reduced in the dTg + GCV mice, as expected, which correlated with their higher amyloid peptide levels. However, ApoE is not only highly expressed in astrocytes but also in microglia (Zhao, Liu, Qiao, & Bu, [2018](#glia23759-bib-0048){ref-type="ref"}) and has been shown to be highly upregulated in microglia in mouse models with AD‐like pathology (Keren‐Shaul et al., [2017](#glia23759-bib-0018){ref-type="ref"}; Orre et al., [2014](#glia23759-bib-0036){ref-type="ref"}). Therefore, the potential influence of astrocytes on microglia function and the relative contribution of other mechanisms of amyloid clearance, such as phagocytosis and blood brain barrier and the proposed glymphatic clearance (Iliff & Nedergaard, [2013](#glia23759-bib-0019){ref-type="ref"}), require additional investigation in future studies.

The data‐sets of comparative mRNA analysis from dTg mice treated with vehicle or GCV demonstrated alterations in the expression of genes belonging to inflammatory pathways and to neurotrophic signaling, including growth factors and cytokines produced by astrocytes. Previous studies analyzing the profile of astrocytes extracted from AD mouse brains suggest the presence of dysfunctional astrocytes in AD mouse models compared with wild‐type controls, releasing increased levels of GABA (Jo et al., [2014](#glia23759-bib-0020){ref-type="ref"}), showing a pro‐inflammatory phenotype (Orre et al., [2014](#glia23759-bib-0036){ref-type="ref"}) and reduced expression of genes involved in neuronal communication. A more thorough study of the potential heterogeneity of astrocytes could be accomplished by isolation of astrocytes by micro‐dissection in different areas of the CNS.

An important observation of our study is the contribution of astrocytes to synaptic density in AD. APP23 mice deficient in proliferating astrocytes displayed reduced synaptophysin staining in specified areas of the hippocampus and revealed a down‐regulation of genes involved in synaptic plasticity. These findings complement studies in mice deficient in astrocyte‐derived synaptogenic molecules, which show reduced synapse numbers (Christopherson et al., [2005](#glia23759-bib-0007){ref-type="ref"}; Kucukdereli et al., [2011](#glia23759-bib-0027){ref-type="ref"}). Besides releasing synaptogenic molecules and neurotransmitters, astrocytes also appear to actively engulf synapses, mediating synapse pruning during development (Chung et al., [2013](#glia23759-bib-0009){ref-type="ref"}; Chung, Welsh, Barres, & Stevens, [2015](#glia23759-bib-0008){ref-type="ref"}) and clearing dysfunctional synapses or synaptic debris in disease (Gomez‐Arboledas et al., [2018](#glia23759-bib-0015){ref-type="ref"}). Therefore, these combined results strengthen the hypothesis of an active role of astrocytes in memory formation.

Alternatively, the reduced synaptic plasticity and defective memory of the dTg + GCV mice could be a consequence of increased non‐aggregated amyloid levels, which are widely thought to be neurotoxic and to induce the production of pro‐inflammatory cytokines such as TNFα by glial cells (Sastre et al., [2006](#glia23759-bib-0042){ref-type="ref"}). The increased expression of TNFα and IL‐1β observed after ablation of proliferating astrocytes was not associated with changes in the density of microglia assessed by Iba‐1 staining in the dTG+ GCV mice. However, it is possible that microglia phenotype could be influenced by the interaction and the molecules released by astrocytes, as there is evidence of cross‐talk between both cell types (Jha, Jo, Kim, & Suk, [2019](#glia23759-bib-0017){ref-type="ref"}) or instead, higher Aβ levels found in dTg + GCV mice could induce the activation of microglia toward a more pro‐inflammatory state, without changing their number. Higher doses of GCV could potentially inhibit microglial proliferation, as suggested in mice with experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis (Ding et al., [2014](#glia23759-bib-0011){ref-type="ref"}). Of note, the dose of GCV used in our study was much lower than the one in that report and was also administered to single transgenic APP23 mice, which were used as an extra control for the dTg + CGV mice.

In conclusion, our data demonstrate that proliferative astrocytes are protective in an AD model, by affecting the degradation of amyloid and reducing neuroinflammation, but their function might be different depending on the age and the disease stage, as their phenotype can change. In addition, astrocytes are quite heterogeneous in the brain, with considerable functional diversity (Ben Haim & Rowitch, [2017](#glia23759-bib-0004){ref-type="ref"}) and therefore different types of astrocytes could affect distinctively AD pathology. Besides investigating all these questions, future studies could explore the role of astrocytes in other relevant hallmarks of AD, such as tau pathology, since recent reports suggest that astrocytes of transgenic tau mice are functionally deficient (Sidoryk‐Wegrzynowicz et al., [2017](#glia23759-bib-0044){ref-type="ref"}).
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